Agonists at serotonin 1D (5-HT 1D ) receptors relieve migraine headache but are not clinically used as general analgesics. One possible explanation for this difference is that 5-HT 1D receptors are preferentially expressed by cranial afferents of the trigeminal system. We compared the distribution of 5-HT 1D receptor-immunoreactive (5-HT 1D -IR) peripheral afferents within the trigeminal ganglion (TRG) and lumbar dorsal root ganglion (DRG) of the rat. We also examined the neurochemical identity of 5-HT 1D -IR neurons with markers of primary afferent nociceptors, peripherin, isolectin B4, and substance P, and markers of myelinated afferents, N52 and SSEA3. We 
Introduction
Migraine is a common and disabling disorder with periodic headache and sensory symptoms that affects up to 13% of men and 33% of women during their lifetime (Launer et al., 1999) . The introduction of agonists that activate serotonin 1B (5-HT 1B ) and 5-HT 1D receptors (the "triptans") has revolutionized treatment for many migraineurs. Despite the remarkable efficacy of triptans, neither the anatomical site of action nor the receptor subtype responsible for their clinical efficacy is known (Goadsby et al., 2002) .
Systemic administration of triptans reduces responses in trigeminal nucleus caudalis neurons evoked by dural or facial stimulation (Cumberbatch et al., 1997 (Cumberbatch et al., , 1999 Storer and Goadsby, 1997; Hoskin and Goadsby, 1998) . Triptans may directly modulate afferent activity, because in situ hybridization studies have identified 5-HT 1B and 5-HT 1D receptor mRNA in the trigeminal ganglion (TRG) (Bruinvels et al., 1994; Bonaventure et al., 1998) . Consistent with this view, a colocalization study on human trigeminal ganglia suggests that activation of 5-HT 1D receptors may inhibit nearly all peptidergic nociceptors (Hou et al., 2001 ). The latter study differs from other studies, however, in which only one-half of the peptidergic nociceptors also express the 5-HT 1D receptor (Bonaventure et al., 1998; Ma et al., 2001 ). This numerical discrepancy may have distinct functional implications for how triptans modulate afferent activity and emphasizes the importance of knowing the neurochemical properties of the primary afferents bearing the triptan receptors.
In this regard, it is of particular interest that 5-HT 1B receptor mRNA has been demonstrated in both TRG and lumbar dorsal root ganglion (DRG) afferent neurons (Wotherspoon and Priestley, 2000) , and reverse transcription-PCR studies have detected 5-HT 1B and 5-HT 1D receptor mRNA in both TRG and DRG (Pierce et al., 1997; Bouchelet et al., 2000) . The presence of these receptors in extracranial afferents raises the possibility that triptans may be generally analgesic. In fact, a few studies suggest that triptans are analgesic in animal models of noncranial pain (Kayser et al., 2002) and can reduce evoked activity in the spinal cord of the rat (Cumberbatch et al., 1998) . The preponderance of evidence, however, points to the specific clinical utility of triptans in treating certain types of cranial pain, such as migraine, cluster headache (Ekbom et al., 1995) , and corneal eye pain (May et al., 2002) , and the inability of triptans to demonstrate analgesia in other kinds of facial pain (al Balawi et al., 1996; Antonaci et al., 1998) , somatic pain (Dao et al., 1995) , and animal models of acute pain (Skingle et al., 1990) .
The disagreement among laboratories concerning the distribution of 5-HT 1B/D receptors makes it difficult to understand the remarkable specificity of triptans. To address this question, we raised and characterized a sensitive and specific antibody to the 5-HT 1D receptor. We report that afferents with 5-HT 1D receptor are peptidergic nociceptors whose number and neurochemistry are indistinguishable in TRG and DRG.
Materials and Methods

Production of 5-HT 1D receptor subtype-specific antiserum
We chose a subtype-specific region of the 5-HT 1D receptor by alignment of the published protein sequences of 5-HT 1B , 5-HT 1D , and 5-HT 1F receptors in mouse, rat, guinea pig, and human. The peptide selected corresponds to amino acids 226 -240 (Lys 226 -Gln 240 ) translated from the cDNA sequence in rat. An N-terminal cysteine was added to the synthetic oligopeptide, CLNPPSLYGKRFTTAQ.
We obtained antiserum from rabbits by standard methods. Briefly, the oligopeptides were conjugated to maleimide-activated keyhole limpet hemocyanin (KLH) and bovine serum albumin (BSA) haptens and used to immunize two rabbits. The animals were first immunized with KLHlinked peptide and complete Freund's adjuvant and subsequently boosted with BSA-linked peptide and incomplete Freund's adjuvant. Enzyme-linked immunosorbent assay was used to assess resulting antiserum. The rabbits were exanguinated, the sera were combined for affinity purification over a column linked to the oligopeptide and eluted, and IgG fractions were combined. Polyclonal antiserum was produced by Animal Pharm Services (Healdsburg, CA).
Light microscopy
Tissue preparation. Sprague Dawley rats (175-250 gm) were overdosed with sodium pentobarbital and perfused with saline, followed by fixation with 10% Formalin in 0.1 M sodium phosphate buffer, pH 7.4. The L5 DRG, TRG, nodose ganglia, superior cervical ganglia, and sciatic nerve were collected, postfixed for 2 hr, and cryoprotected overnight in 30% sucrose in 0.1 M sodium phosphate buffer, pH 7.4.
A pair of L5 DRG and TRG from the same animal was grouped en bloc, and serial 14 m cryostat sections were cut and mounted on slides. Sciatic nerve, nodose ganglia, and superior cervical ganglia were also cut as 14 m cryostat sections and mounted on slides in series. Three animals were used in each series.
Dural tissue was collected after perfusion and processed as a whole mount. To collect corneas, the eyes were superfused with fixative during the intracardiac saline perfusion. The orbits were enucleated and postfixed for 2 hr before cryoprotection overnight in 30% sucrose. The cornea and surrounding limbus were dissected free and cut as 30 m cryostat sections. Corneal tissue was processed as free-floating sections.
Ligated sciatic nerve. Male Sprague Dawley rats (300 -400 gm) were induced with 2% isoflurane and maintained on 2% isoflurane delivered over a fitted nose cone. A 1 cm incision was made over the left lateral thigh, and the sciatic nerve was exposed by blunt dissection. The nerve was tied tightly with two 0 -0 silk ligatures and transected with a scalpel between the two ligatures, and the overlying muscles and skin were closed in layers. Animals are weighed daily to monitor their level of discomfort after surgery. Animals were killed 3 d after surgery and perfused as above for fluorescence microscopy.
Immunofluorescence. Primary antisera were as follows: rabbit anti-5-HT 1D receptor (1:40,000 for slide mounted sections, 1:5000 for whole mounts of dura, and 1:10,000 for free-floating cornea sections), goat anti-peripherin (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), guinea pig anti-substance P (SP) (1:5000; gift from J. Maggio, University of Cincinnati, Cincinnati, OH), and mouse anti-N52 (1:5000; Sigma, St. Louis. MO). Purified mouse monoclonal anti-SSEA3 IgM (1:100) was from the Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA). Secondary antisera, all purchased from Jackson ImmunoResearch (West Grove, PA) were Cy2-labeled anti-mouse IgM (1:100), anti-guinea pig IgG (1:100), anti-goat IgG (1:60), or Cy3-labeled antirabbit IgG (1:600).
Slide-mounted sections, free-floating sections, and whole mounts were immunostained in a similar manner. Tissue was incubated for 1 hr in PBS with 0.3% Triton X-100 (PBST) plus 5% normal horse serum (NHS). Primary and secondary antisera were diluted in PBST plus 1% NHS. Tissue was incubated overnight at room temperature in either rabbit anti-5-HT 1D receptor antibody (for single-label studies) or in a mixture of two primary antisera for double-immunofluorescence studies. Between incubations, slides were rinsed in PBS plus 1% NHS. Tissue was then incubated with either single or mixtures of appropriate secondary antisera, washed in phosphate buffer, and coverslipped using Fluoromont G (Southern Biotechnology Associates, Birmingham, AL). For isolectin B4 (IB4) binding, we added FITC-IB4 (10 g/ml; Sigma) during the incubation of secondary antibody. A counterstain with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (1 g/ml; Sigma) was added to the final wash to stain nuclei of slide-mounted sections.
Visualization and quantification. Digitized images were captured with a Nikon Eclipse microscope with an attached Spot CCD camera. Every 10th L5 DRG and every 30th TRG section in a series was stained, imaged, and analyzed in its entirety. Tissues from three rats were used to estimate the percentages of single-and double-labeled neurons. For the nodose ganglion, the pair of ganglia from three rats were mounted en bloc, and every fifth section was examined to count double-labeled neurons in a similar manner. Images were imported into Photoshop (Adobe Systems, San Jose, CA).
The percentage of 5-HT ID -immunoreactive (IR) ganglion cells was estimated by counting the number of 5-HT 1D -IR neurons containing a DAPI counterstained nucleus. The total number of neuronal profiles were determined by counting DAPI-stained nuclei, excluding small profiles corresponding to glia and connective tissue.
The percentage of double-labeled 5-HT 1D ganglion cells was determined by counting the total number of neurons with 5-HT 1D immunoreactivity and identifying how many were labeled with the second neuronal marker. To identify double-labeled ganglion cells, images of the same section of tissue obtained using different filter blocks were overlaid in a single Photoshop file. While viewing an image containing the DAPI signal and Cy3-labeled 5-HT 1D -IR signal, neurons were identified and marked on an overlaid blank layer. The Cy3 and DAPI layers were then hidden. The corresponding Cy2-FITC layer was examined for labeled cells. This method of identifying double-labeled neurons was used because 5-HT 1D -IR neurons tended to be bright and the Cy3 signal frequently overwhelmed the Cy2-FITC signal. If double-labeled ganglion cells were identified only from superimposed images, many double-labeled neurons would not have been counted. Finally, we determined the percentage of peripherin-immunoreactive, substance P-immunoreative, and IB4-binding neurons that colocalized the 5-HT 1D receptor by dividing the total number of double-labeled neurons by the total number ganglion cells that were immunoreactive for that marker.
Cell diameters were measured using NIH Image. Ganglia sections were imaged in their entirety as a series of digital image files. A random number generator was used to generate lists of files for measurement. Separate lists were created for the DRG and TRG, as well as cell type, such as densely labeled and punctate-labeled 5-HT 1D -IR ganglion cells (see Results) . The length of the long and short axes of all of the neurons that were present in every selected file was measured. Counts were concluded when 100 or more neurons of interest were measured. The diameter of each cell was calculated as the square root of its length multiplied by its width. This expression of diameter allows the direct calculation of area of the cell profile and corrects for the elliptical shape of many neurons. Results are expressed as mean Ϯ SD.
Diaminobenzidine immunohistochemistry of spinal cord and trigeminal nucleus. Rats were perfused as for fluorescence studies above. After dissection of the brain and spinal cord, the brainstem and lumbar spinal cord were postfixed and cryoprotected in 30% sucrose, and transverse frozen sections were cut at 50 m. These free-floating sections were preincubated in 5% normal goat serum-PBST for 1 hr and then incubated overnight in 1% normal goat serum-PBST with a 1:50,000 dilution of 5-HT 1D antibody. After three washes, the sections were incubated in a 1:1000 dilution of biotinylated goat anti-rabbit antibody (Jackson ImmunoResearch). To localize the secondary antibody, we used an avitinbiotin HRP protocol with an ABC kit (Vector Laboratories, Burlingame, CA) and diaminobenzidine (DAB) (Sigma) as chromogen.
Control experiments for immunocytochemistry. Controls for specificity included immunostaining tissue as above but omitting the primary antisera or adding the appropriate antigen peptide. A homologous absorption control was performed by incubating 5-HT 1D primary antisera with antigen peptide (1.0 mM to 1.0 nM) for 2 hr at room temperature with gentle shaking and then overnight at 4°C. Staining was abolished at concentrations through 1.0 M. At 100 nM, we observed a few immunoreactive profiles. Absorption controls were also performed for SP and peripherin. Antisera with the appropriate peptide (10 Ϫ6 M) were incubated with the working dilution of the antiserum and anti-5-HT 1D antibody overnight at 4°C. With these solutions, there was a complete loss of staining for the appropriate antigen, whereas the observed staining of 5-HT 1D receptors was not changed. No cross-reactivity was seen among the secondary antibodies when primary antibodies were omitted.
Cloning of 5-HT 1D receptor cDNA. A mouse cDNA library was constructed from dorsal root ganglia isolated from adult male C57BL/6 mice using standard methods. Briefly, fresh DRG tissue was dissected from cervical, thoracic, and lumbar levels, solubilized in TRIZOL, and processed per the recommendations of the manufacturer (Invitrogen, Carlsbad, CA). The RNA was further purified by affinity to oligo-dT cellulose using Micro-FastTrack per the recommendations of the manufacturer (Invitrogen). Reverse transcription was performed with oligo-dTprimed mRNA or primed with the SMART II RT primers for 3Ј rapid amplification of cDNA ends (RACE)-ready and 5Ј RACE-ready cDNA synthesis, (Clontech, Palo Alto, CA).
The published open reading frame sequence for mouse 5-HT 1D in the GenBank database (accession numbers NM_008309 and X94908) could not be used to amplify a PCR product of the entire open reading frame because of silent codon differences that occurred only in the 3Ј end of the sequence. Instead, a 5-HT 1D -specific forward primer (CCC ATC CAT CTT GCT CAT TAT CC; nucleotides 615-637 from mouse) was combined with 3Ј RACE-ready template and universal primer mix to clone the complete 3Ј end of the mRNA. At an annealing temperature of 58°C and elongation time of 90 sec, a ϳ1600 bp fragment was obtained and cloned into the TOPO II TA-cloning vector (Invitrogen), and two independent clones were sequenced by termination with fluorescent dideoxynucleotides and analyzed by electrophoresis (Applied Biosystems, Foster City, CA). The resulting sequence is in agreement with the full-length mouse cDNA sequence published by the RIKEN Consortium, (accession number AK082016).
Expression constructs for antibody controls. On the basis of the revised sequence, we designed a primer pair to amplify the open reading frame. The forward primer ATG TCG CTG CCA AAC CAG TCC and the reverse primer GCA AAC AAG AGT CAC CCC CAA ATC CG were used to amplify single-stranded cDNA template using the same amplification protocol described above. The resulting 1135 bp fragment was cloned into the TOPO II vector and sequenced as above. The EcoRI digested insert from this plasmid was cloned into the EcoRI site of the mammalian expression vector pCDNA3. The resulting expression plasmid pC1D-2 was used in the transfection experiment below. The expression plasmid for the mouse 5-HT 1B receptor, 1B-p514, and the expression plasmid for the mouse 5-HT 1F receptor, 1F-p514, were generous gifts from R. Hen (Columbia University, New York, NY) Maroteaux et al., 1992) . The expression construct pCDNA3-cGFP was a kind gift from D. Julius (University of California San Francisco, San Francisco, CA).
Transfection control of human epithelial kidney cells. A single plate of human epithelial kidney (HEK) cells were split into a six-well plate for parallel transfection of green fluorescent protein (GFP), 5-HT 1B , 5-HT 1D , or 5-HT 1F expression constructs described above. Transfections of 500 ng of DNA to a near-confluent layer of HEK cells were performed with 5 l of Lipofectamine 2000 (Invitrogen) in Opti-MEM low-serum media (Invitrogen). After overnight transfection, the cells were replated onto four-well chamber slides (Fisher Scientific, Houston, TX) pretreated with Matrigel (BD Biosciences, San Jose, CA). Each slide contained four separate samples of HEK cells transfected with GFP, 5-HT 1B , 5-HT 1D , or 5-HT 1F expression constructs. After overnight incubation, the cells were rinsed in prewarmed Opti-MEM, fixed with 4% paraformaldehyde in PBS for 10 min, and then rinsed in phosphate buffer, pH 7.4. The cells were then blocked in 5% normal goat serum in PBST for 1 hr at room temperature, followed by overnight incubation at room temperature in 1% goat serum-PBST containing a 1:50,000 dilution of rabbit anti-5-HT 1D antisera. After three washes in 1% goat serum-PBST, the rabbit antibody was detected with Cy3-labeled goat anti-rabbit IgG secondary antibody at 1:1000 dilution in 1% goat serum-PBST for 1 hr at room temperature. After the chamber wells were removed, three washes in phosphate buffer were followed by coverslipping with Fluoromount G. Digital images were acquired as described above.
Electron microscopy
Tissue preparation. Three adult Sprague Dawley rats were deeply anesthetized and perfused for electron microscopic immunocytochemistry, first with heparin saline and then with (A) 2% paraformaldehyde, 0.1% glutaraldehyde, and 0.2% picric acid, (B) 4% paraformaldehyde, 0.5% glutaraldehyde, 0.2% picric acid, or (C) 4% paraformaldehyde and 1% glutaraldehyde, all in 0.1 M phosphate buffer, pH 7.4. Tissues fixed with solutions A or B were processed for preembedding immunocytochemistry with primary antibody at 1:50,000 and using a DAB (A) or a silverintensified 1.0 nm gold method (B) (IntenSE; Amersham Biosciences, Piscataway, NJ) by standard methods to produce flocculent or particulate reaction products, respectively. These were osmicated, dehydrated, and embedded in Durcupan resin, thin sectioned, and counterstained with uranyl acetate and lead citrate before examination in a Jeol (Peabody, MA) electron microscope.
High-pressure freezing of tissue. After fixation C, and after postfixation for 3 hr, 200 m transverse sections of lumbar spinal cord were cut on a vibratome. From these sections, disks encompassing the dorsal horn were cut with a biopsy punch and placed into a same-sized copper planchette. These were immediately subjected to high-pressure freezing in a EM PACT apparatus (Leica, Vienna, Austria). Frozen tissues were transferred to an AFS apparatus (Leica) for freeze substitution over 3 d at Ϫ90°C in 0.1% osmium tetroxide and 0.1% uranyl acetate in acetone. The solutions were changed to anhydrous acetone, and the temperature was raised slowly to Ϫ40°C. After brief rinses in absolute ethanol, the tissues were infiltrated in the AFS with Lowicryl Monostep HM20 (Electron Microscopy Sciences, Fort Washington, PA) and polymerized by ultraviolet light at Ϫ40°C (2 d), 0°C (2 d), and 25°C (1 d).
Postembedding immunocytochemistry. Thin sections of these Lowicryl blocks were mounted on nickel mesh grids and labeled by a modification of the procedure by van Lookeren Campagne et al. (1991) . Sections were etched with sodium ethanolate for 2 sec, washed, and dried. They were then treated for 10 min with 0.1% sodium borohydride and 50 mM glycine in 0.05M Tris-buffered saline containing 0.1% Triton X-100 (TBST) and then blocked in 2% human serum albumin in TBST. Grids were exposed to a mixture of primary antibodies (guinea pig anti-SP at 1:1000 and rabbit anti-5-HT 1D at 1:25,000) in blocking solution for 3 hr at room temperature. After washing, the sections were blocked again and exposed to secondary antibodies [donkey anti-guinea pig conjugated to 6 nm gold (Jackson ImmunoResearch) and goat anti-rabbit conjugated to 15 nm gold (Amersham Biosciences) in blocking solution containing 0.5 mg/ml polyethylene glycol (molecular weight 15,000 -20,000; P-2263; Sigma)]. The sections were rinsed, counterstained, and examined in the electron microscope. We observed a consistent localization pattern in crossover controls in which the larger gold particle was conjugated to the antiguinea pig secondary antibody and the smaller gold particle was conjugated to the anti-rabbit secondary antibody.
Preabsorption controls for electron microscopy. Lowicryl sections were treated with 5-HT 1D antibody and 1.0 or 100 g/ml 5-HT 1D peptide. The grids and the outline of the tissue were sketched, and the labeled axonal boutons were counted in every grid square supporting the region of superficial dorsal horn. An axonal bouton was considered positively la-beled if it contained two or more gold particles per dense core vesicle (DCV). Sections absorbed with 5-HT 1D peptide showed rare immunogold label. Incubation of 5-HT 1D antibody with SP peptide did not reduce 5-HT 1D label in synaptic terminals.
Results
Antibody characterization
After aligning the sequences of the known triptan-responsive receptors in rat, mouse, human, and guinea pig, we identified regions conserved between species but that are unique to the 5-HT 1D receptor. On the basis of this analysis, we synthesized an oligopeptide that corresponds to a region in the third intracellular loop of the 5-HT 1D receptor and raised antisera in rabbit. The antisera were combined and affinity purified over a columnlinked oligopeptide. This affinity-purified antiserum specifically labels a subpopulation of neurons in anatomical preparations of peripheral ganglia (see below). In our light microscopic preparation, preabsorption of this antibody with 1 M oligopeptide abolished immunostaining. As an additional control, we expressed the cDNA of mouse 5-HT 1B , 5-HT 1D , and 5-HT 1F receptors in HEK cells. In conditions that were similar to the immunostaining shown below, we found that HEK cells transfected with 5-HT 1D cDNA were brightly immunoreactive ( Fig. 1 A-C) , whereas those transfected with 5-HT 1B or 5-HT 1F cDNA showed only background levels of reactivity (Fig. 1 D, E) . Finally, we were not able to show antibody specificity by Western blot of tissues or transfected cell lines, presumably because the specificity of the antiserum is lost with heating or denaturation of the tissue.
5-HT 1D neurons in peripheral ganglia
5-HT 1D receptors are present in both the lumbar L5 DRG and TRG (Fig. 2) , comprising 20 Ϯ 1 and 17 Ϯ 1%, respectively, of the total ganglion cell population. In all 5-HT 1D -IR neurons, we observed a diffuse granular immunocytochemical reaction product in both the cytoplasm and axons, sparing the nucleus. We noted two distinct patterns of immunostaining (Fig. 2 C, D) . The majority of lumbar (89 Ϯ 3%) and trigeminal (91 Ϯ 2%) 5-HT 1D -IR ganglion cells had a "dense" granular staining pattern, producing a confluent and bright fluorescent signal. In the remaining cells, the reaction product was less dense and had a "punctate" pattern of immunofluorescence.
5-HT 1D -IR ganglion cells had mean diameters of 25 Ϯ 5 and 20 Ϯ 3 m, respectively, in lumbar DRG and TRG. In addition, we separately determined the cell diameters of densely labeled neurons from those observed to have a punctate pattern of labeling, as represented in the histogram of cell diameters in Figure 3 . Densely immunoreactive cells had mean diameters of 24 Ϯ 5 and 19 Ϯ 3 m in the DRG and TRG, respectively. The much rarer population of punctate 5-HT 1D -IR ganglion cells had larger diameters of 35 Ϯ 7 and 27 Ϯ 4 m for DRG and TRG, respectively.
Neurochemical phenotype of 5-HT 1D afferents
We used a variety of markers to characterize the neurochemistry of ganglion cells that express 5-HT 1D receptors: peripherin, IB4 binding, and SP for the small-diameter, unmyelinated nociceptors (Goldstein et al., 1991; Lawson et al., 1997; Molliver et al., 1997; Stucky and Lewin, 1999) , N52 (NF200), a neurofilament marker of myelinated afferents (Lawson and Waddell, 1991) , and SSEA3, which is expressed in a subset of myelinated afferents hypothesized to be low-threshold A␤ mechanoreceptors (Jessell and Dodd, 1985; Perry and Lawson, 1998) .
5-HT 1D and peripherin
Of those ganglion cells that labeled with 5-HT 1D , 84 Ϯ 1% of DRG and 83 Ϯ 1% TRG also stained with peripherin (Fig. 4 A) . In both ganglia, peripherin was more likely to be colocalized in densely labeled 5-HT 1D -IR neurons. Counting only the densely labeled 5-HT 1D -IR neurons, 91 Ϯ 2% DRG and 87% TRG neurons also stained with peripherin. Among the punctate 5-HT 1D -IR neurons, only 44 Ϯ 4 and 55 Ϯ 8% of the DRG and TRG, respectively, colocalized this marker. Among the peripherin-immunoreactive afferents, 31 Ϯ 9 and 31 Ϯ 11% were also 5-HT 1D -IR in the DRG and TRG, respectively.
5-HT 1D neurons are peptidergic
The large majority of 5-HT 1D DRG and TRG neurons also colocalized substance P (88 Ϯ 3 and 88 Ϯ 1%, respectively) (Fig. 4C) . Among the densely labeled 5-HT 1D -IR ganglion cells, the vast majority colocalized substance P: 95 Ϯ 1 and 94 Ϯ 1% in the DRG and TRG, respectively. Among the much less numerous punctate 5-HT 1D -IR ganglion cells, very few were also immunoreactive for substance P: 9 Ϯ 8 and 11 Ϯ 5% in DRG and TRG, respectively. However, a large majority, but not all, of the SP-immunoreactive DRG and TRG ganglion cells were also 5-HT 1D -IR: 69 Ϯ 3 and 54 Ϯ 4%, respectively.
Some 5-HT 1D neurons bind IB4
Among 5-HT 1D -IR neurons, 61 Ϯ 6% DRG and 60 Ϯ 3% TRG neurons also demonstrated IB4 binding (Fig. 4 B) . As with peripherin, the majority of densely labeled 5-HT 1D -immunoreactive DRG and TRG neurons bound this marker of nociceptors (68 Ϯ 5 and 64 Ϯ 3%, respectively). Only a small minority of punctate 5-HT 1D -IR neurons colocalized IB4 binding: 4 Ϯ 2% of DRG and 13 Ϯ 2% of TRG neurons. Of the entire population of IB4-positive ganglion cells, we found that 24 Ϯ 6 and 23 Ϯ 2% are 5-HT 1D -IR in the DRG and TRG, respectively.
5-HT 1D and myelinated afferents
We found that a minority of 5-HT 1D -IR neurons colocalized with N52 (NF200), a marker of cell bodies with myelinated axons: 17 Ϯ 3% in the DRG and 15 Ϯ 4% in the TRG (Fig. 4 D) . Among the densely labeled 5-HT 1D -IR neurons, only 12 Ϯ 3 and 11 Ϯ 3% in DRG and TRG, respectively, immunostained for N52. In contrast, N52 immunostaining was more prevalent in punctate 5-HT 1D -IR cells: 62 Ϯ 10 and 48 Ϯ 7% in DRG and TRG, respectively. Of all of the N52-immunoreactive ganglion cells, 8 Ϯ 2 and 7 Ϯ 5% contained 5-HT 1D -IR in DRG and TRG, respectively. Finally, in neither ganglion population did we observe 5-HT 1D immunoreactivity in neurons that contained SSEA3 immunoreactivity (Fig. 5E ).
Central projections of 5-HT 1D afferents
Consistent with the presence of 5-HT 1D immunoreactivity on predominantly small-diameter, unmyelinated DRG and TRG neurons, we observed dense 5-HT 1D -IR fiber and terminal labeling in the superficial layers of the trigeminal nucleus caudalis and spinal cord dorsal horn (Fig. 5) . The immunoreactivity was concentrated in lamina I and in outer lamina II. There is also a sparse pattern of labeled terminals in deeper laminas of both the trigeminal nucleus caudalis and the spinal dorsal horn. We observed a faint terminal pattern in the nucleus solitarius (NTS), which was most prominent in the midline commissural nucleus (Fig. 5A ) but also seen in the ventrolateral subnucleus (data not shown). We did not observe 5-HT 1D -IR cell bodies in the trigeminal nucleus caudalis, dorsal horn, NTS, or cranial nerve nuclei.
5-HT 1D in visceral afferents and efferents
From the very sparse terminal labeling in the NTS, we predicted that very few visceral afferents of the vagus would express 5-HT 1D . In fact, in the nodose ganglion, we observed few but clustered 5-HT 1D -IR neurons (Fig. 6 A-C) . Much as for the 5-HT 1D -IR neurons in TRG and DRG, 87.5% of the 5-HT 1D -IR neurons costained for substance P.
In the visceral sympathetic efferent neurons of the superior cervical ganglion, we did not detect any 5-HT 1D -IR ganglion cells. However, we did observe occasional 5-HT 1D -IR fibers in the capsular connective tissue around the ganglion (data not shown). These likely correspond to the C-fiber innervation of the sympathetic chain and carotid sheath.
Ultrastructure of 5-HT 1D in presynaptic terminals of the spinal cord
To characterize the subcellular localization of 5-HT 1D receptors, we examined the lumbar dorsal horn by electron microscopy. In preliminary analysis using an HRP-DAB immunostaining protocol, it appeared that the flocculent DAB reaction product was predominantly associated with DCVs of synaptic terminals (Fig.  7A) . To more precisely localize the immunoreaction product, we turned to a preembedding approach with a silver-intensified 1 nm gold technique, which produces a silver-enhanced reaction product that is particulate. Figure 7B illustrates that the immunoreaction product is indeed concentrated around DCVs. Silverenhanced gold particles on other structures, e.g., synaptic membranes, only occurred at background levels.
Because of the extensive overlap of 5-HT 1D and SP in the sensory ganglion cells and in the superficial dorsal horn, we next examined the ultrastructural relationship of 5-HT 1D -IR receptor and SP terminal immunoreactivity in the lumbar spinal cord using a high-pressure freezing and postembedding doublelabeling protocol. The high-pressure freezing protocol better pre- serves antigen compared with traditional fixation approaches. Different-sized gold particles were used for the two antisera. Figure 7 , C and D, illustrates the high degree of colocalization of large and small gold particles, indicating that SP and 5-HT 1D immunoreactivity colocalizes in DCVs.
5-HT 1D in peripheral afferent terminals
To determine the expression of 5-HT 1D immunoreactivity in cranial tissues that might be relevant in migraine, we immunostained cornea and dura and found 5-HT 1D -IR fibers in both areas (Fig. 8 A, B) . Although we have not stained tissues outside of the head, Figure 8C illustrates that there is a buildup of 5-HT 1D immunoreactivity proximal to the site of sciatic ligation with loss of immunoreactivity distally. This buildup indicates that the receptor is transported peripherally to tissue innervated by the sciatic nerve.
Discussion
To better understand the mechanisms that underlie the clinical effectiveness of the triptans for migraine therapy, it is important to identify the targets that are influenced by these drugs. To this end, we raised an antiserum that selectively recognizes the 5-HT 1D receptor. Although our studies do not answer the question as to whether triptans exert their antimigraine actions in the CNS or at peripheral terminals, they do indicate that the primary afferent nociceptor is an important target. We found 5-HT 1D receptors in both trigeminal and dorsal root ganglia, primarily within small-diameter, unmyelinated, peptidergic nociceptors. Accordingly, there is a dense terminal pattern of 5-HT 1D immunoreactivity in the superficial laminas of the trigeminal nucleus caudalis and the spinal cord dorsal horn. When these terminals were examined at the electron microscopic level, we found the receptor concentrated in DCVs, which co-contain SP immunoreactivity. This raises the possibility that the release of SP and other cotransmitters can be selectively controlled by the action of 5-HT 1D receptor. We also found label within visceral afferents of the nodose ganglion and solitary nucleus but did not observe 5-HT 1D immunoreactivity within the sympathetic efferents of the superior cervical ganglion.
Do triptans work selectively on trigeminal afferents?
We found that primary afferent neurons with 5-HT 1D receptor in the TRG were similar to those in DRG in all characteristics studied: size distribution (Fig. 3) , proportional representation, and neurochemical phenotype (Fig. 4) . The 5-HT 1D afferents project centrally, to laminas I and outer II of trigeminal nucleus caudalis and dorsal horn of the spinal cord (Fig. 5) , a distribution that is also consistent with their expression on peptidergic, unmyelinated (i.e., peripherin-positive) nociceptors. Although previously thought to have a specific role in the modulation of neurogenic inflammation in the trigeminal vascular system, 5-HT 1D receptors are clearly positioned to regulate neurogenic inflammation and nociceptive processing in diverse regions of the body.
5-HT 1D in sensory neurons
5-HT 1D and unmyelinated afferents
The neurons that contain 5-HT 1D -IR account for ϳ20% of the total ganglion cell population. This is less than previous estimates for the TRG and may reflect a higher selectivity for 5-HT 1D immunoreactivity by the antibody used in the present study compared with previous studies. The distribution of cell diameters of densely labeled 5-HT 1D -IR cells (Fig. 3) is consistent with their presence on small unmyelinated neurons. The great majority of the 5-HT 1D -IR sensory ganglion cells colocalize with both peripherin and SP (Fig. 4 A, C) , suggesting that the receptor is pri- marily associated with primary afferent, unmyelinated nociceptors (Goldstein et al., 1991; Lawson et al., 1997) .
IB4
Although IB4-positive cells have traditionally been considered "peptide-poor" nociceptors (Snider and McMahon, 1998) , nearly one-fourth of IB4-binding neurons also express 5-HT 1D , implying a significant overlap in IB4 binding and SP in 5-HT 1D -IR afferents. Our findings corroborate a recent report that nearly 30% of IB4-binding TRG and DRG neurons colocalize SP (Price et al., 2002) . Together with the localization of the P2X 3 receptor and members of the Mrg receptor superfamily to subpopulations of the IB4-positive neurons (Guo et al., 1999; Dong et al., 2001; Han et al., 2002) , these data underscore the functional diversity of IB4-positive nociceptors.
Substance P Our estimate that 88% of 5-HT 1D -IR TRG neurons colocalize with SP underscores the association of this receptor with nociceptors (Lawson et al., 1997) . Our findings are similar to the 95% concordance with SP in 5-HT 1D -IR neurons found in human TRG (Hou et al., 2001; Smith et al., 2002) but is much higher than the estimate of 7% in guinea pig (Bonaventure et al., 1998) . In another study of rat TRG, the finding that 75% of 5-HT 1D -IR neurons also localize with calcitonin gene-related peptide is consistent with its association with peptidergic neurons (Ma et al., 2001) . On the other hand, our finding that no more than threefourths of all SP-immunoreactive neurons are also 5-HT 1D -IR should caution against simply equating triptan action with modulation of SP.
Subset of 5-HT 1D -IR neurons are myelinated
We observed two different staining patterns among the 5-HT 1D neurons, dense and punctate. Interestingly, although much less abundant, punctate 5-HT 1D -IR neurons are larger, very rarely label with SP, and are more likely to contain neurofilament markers of myelinated neurons. They clearly appear to identify a separate population of 5-HT 1D receptor-expressing primary afferent. Whether they correspond to lightly myelinated AѨ fiber nociceptors remains to be determined, but the fact that we did not find 5-HT 1D immunoreactivity in SSEA-3-positive neurons is consistent with this hypothesis (Fig. 4 E) .
5-HT 1D in visceral afferents and efferents
In the nodose ganglion (Fig. 6) , nearly all of those afferents with 5-HT 1D immunoreactivity also costained for SP. Consistent with the paucity of 5-HT 1D -IR afferents in the nodose ganglion, we found few fibers in the solitary nucleus of the brainstem (Fig. 5A) . The fact that the immunoreactivity was concentrated in the ventrolateral and commissural subnuclei of the solitary nucleus suggests that activity at these receptors could influence visceral afferent input from heart, lungs, and gastrointestinal tract (Wallach and Loewy, 1980; Davies and Kalia, 1981; Kalia and Sullivan, 1982; Erickson and Millhorn, 1991) . It has been proposed that 5-HT 1D receptor activation of afferents to the solitary nucleus contributes to the relief from nausea that accompanies treatment of migraine (Longmore et al., 1997) , although we are not aware of triptans having anti-emetic properties outside the setting of migraine. The 5-HT 1D receptor appears to be confined to primary afferents, because we did not detect 5-HT 1D immunoreactivity in the visceral efferents of the superior cervical ganglia. Thus, the relief of gastrointestinal symptoms and gastric immobility by triptans are probably not attributable to their direct action on sympathetic efferents. Although triptans can be used to relieve cluster headache, a disorder with prominent autonomic symptoms (Ekbom et al., 1995) , the basis of these effects are probably not attributable to the action of 5-HT 1D receptor on parasympathetic preganglionic neurons.
5-HT 1D in dense core vesicles
Given that a functional presynaptic receptor would be found on the plasma membrane, the restricted localization of 5-HT 1D receptors to DCVs (Fig. 7) was unexpected. If the receptor is concentrated in DCVs, but less abundant along the plasma membrane, it may only be detectable in the vesicles. It is also possible that the antigen exists in a different conformational state in the plasma membrane, one that masks the epitope that is recognized by the antibody. Indeed, immunologically discrete forms of a receptor may be directed to different subcellular compartments (Cahill et al., 2001) . Alternately, receptors at the plasma membrane may be quickly recycled and degraded soon after vesicular delivery to the membrane, thus maintaining a low steady state in the plasma membrane compared with DCVs.
5-HT 1D receptors and the regulation of nociceptive transmission
Other presynaptic receptors have been localized to DCVs, including the ␦-opioid receptor (Cheng et al., 1995) , which also may serve to regulate the release of neurotransmitters from primary afferent nociceptors. The localization of 5-HT 1D receptors within the DCVs of peptidergic nociceptors suggests that this receptor is most relevant under conditions of relatively intense or highfrequency stimulation, which is required for release of DCV contents (Marvizon et al., 1997) . In behavioral studies, SP comes into play under conditions of intense stimulation, but SP does not contribute to baseline nociceptive responses (Cao et al., 1998) . According to this mechanism, only nociceptive stimulation of sufficient intensity to trigger delivery of DCVs and 5-HT 1D receptor to the plasma membrane would make 5-HT 1D receptors available for interaction with endogenous serotonin or exogenous triptan, at either the central or peripheral terminal. If the functional impact of the receptor depends on the previous activation of the primary afferent that sequesters this receptor, then the 5-HT 1D receptor would only participate in a subset of nociceptive processes and would thus have a limited analgesic spectrum.
How are triptans "migraine-specific?" Our localization of 5-HT 1D -IR nerve fibers within the dura (Fig.  8 A) agrees with a previous study (Longmore et al., 1997) . The demonstration that 5-HT 1D -IR fibers are found in the cornea (Fig. 8 B) may underlie the analgesic effect of triptans after corneal surgery in a small case series (May et al., 2002) . On the other hand, the presence of 5-HT 1D receptors in lumbar DRG and in the sciatic nerve suggests that the receptor is targeted to sites outside of the head. On the basis of this widespread distribution, we cannot conclude that there is a simple anatomical basis for the preferential action of triptans on 5-HT 1D receptors for the pain of migraine. The same is true for possible triptan actions via the 5-HT 1B receptor, which is not restricted to cranial targets on arterial blood vessels and primary afferents (Longmore et al., 1997; Wotherspoon and Priestley, 2000) .
Conceivably, some other unique feature of triptan-responsive TRG afferents may confer triptan selectivity to migraine. For example, a difference in the complement of second messengers that lie downstream to this G-protein-coupled receptor may underlie this differential response. The hypothetical distinction between TG and DRG afferents has yet to be rigorously tested but is a fundamental question of great interest.
